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Abstract -.-.- -

Aerodynamics of helicopter rotor systems cannot be investigated without ' Q
consideration for the dynamics of the rotor. One of the principal proper-
ties of the rotor which affects the rotor dynamics is the inertia of the rotor
blade about its root attachment. Previous aerodynamic investigations have
been performcd on rotor blades with a variety of planforms to determine IV L
the performance differences due to blade planform. The blades tested for Itl tl ea/

this znvcstigahon have been tested on the US Army two-meter rotor test Lvllabtit, Coje.-
system (2M1l7') in the NASA Langley 14- by 22-foot Subsonic Tunnel for - ,"jj .
hover performance. This investigation was intended to provide fundamental DISt |
informnation on the flapping inertia of five rotor blades with differing plan-
forms. The inertia of the bare cuff and the cuff with a blade extension were
also measured for comparison with the inertia of the blades. Inertia was
determined using a swing-testing technique, using the period of oscillation
to determine the effective flapping inertia. The effect of damping in the
swing-test was measured and accounted for. A comparison of the flapping
inertials for rectangular and tapered planform blades of approximately the
same mass showcd the tapered blades to have a lower inertia, as exp-cted. .

Introduction fz damped frequency, Ilz

llclicopter rotor aerodynamics cannot be investi- fn natural frequency, lIz

gat-ed without consideration for rotor blade dynamics. g gravitational constant, 386.112 in/sec2

One of tie principal properties of a rotor which affects I00 flapping inertia, lb-in 2

the rotor blade dynamics is the flapping inertia of the m mass, slugs
rotor blade. The amount of inertia affects the tendency Q Torque about flapping hinge, lb-in
of the rotor blades to "cone up" from the normal plane r length from flapping hinge axis to center of
of rotation when producing thrust. A similar lead-lag mass, in

inertia also affects the rotary inertia of the entire ro- S, uncertainty in x
tor system and contributes to the characteristics of the T damped period of oscillation, sec
rotor during entry into and the final flare of an autoro- t time of oscillation, sec
tation. X, amplitude of first oscillation, Volts

One aspect of rotor research at tie NASA Langley X2 amplitude of second oscillation, Volts
14- by 22-foot Subsonic 'luinel hm been the evala- 6 logarithmic decrement
tion of rotor systems designed with significant amounts wd damped angular frequency, Iz
of planforni taper. Concern for the antorotative perfor- wn natural angular frequency, Ilz
mance of these advanced rotors grew from these investi- 0 angular displacement about the flapping axis,
gations. Rotational inertia (relatedl directly to flapping rad
inertia) is the principal measure of autorotative perfor- 0 angular acceleration, rad/sec 2

mance. ( damping constant
The U.S Arminy two-meter rotor test system (2M R'TS,

reference 1), developed for tihe NASA Langley 14- by Theory
22-foot Subsonic '1'mnnel, was used in previous investi- From torque equilibrium about the flapping hinge,
gations to study the effect of planform taper on rotor the equation used to find the flapping inertia, 1 is:
performance (references 2 and 3 as examples.) This re-
port documents the flapping inertia for several of these Q = 00 = -mgr sin 0. (1)
rotors.

Notation and Symbols Assuming periodic displacement:

The physical quantities (elined ii this ialer are 0 = Asinwt (2)
given in tIhe U.S. Customiary Units. Mew;murements an(
calculations were miade in the U.S. CusLonmary Units =(-A 2 Asinwt (3)
with the exception of weight measurement which was
made in grans. The conversion factor used from grains and
t.o poundls was obtained from reference 4. wn = 2,rfn. (4)



B30,'siig a siall angle assumption (sin 0 = 0) and percent radius for the XTR50 blade, while the initia-
cUmbii"g.thiluve c quations, th- flapping inertia is. tion of the taper for the XTR75 is at 75 percent radius

Both the XTR50 and XTR75 have a 2.708 ft radius,
, 00 = , (5) -13 degrees of linear twist, and a thrust-weighted solid-

.... 4r.... ity of 0.0977. They also use a distribution of advanced
rotorcraft airfoil sections. These airfoil sections were
developed by researchers of the U.S. Army Aerostruc-
tures Directorate at the NASA Langley Research Center

.be dbfdrniitiyd l y swinging the blade and m1masuring sieciicdly for rotorcraft applications. The airfoils are
tile peiofl of oscillation. Unfortunately, in any experi- pc(4)-0 (blade inboard section), sC(3)-10 (mid sec-

mental test of~this nature there will be damping due to tn), and RC(3)-08 (blade outboard sections). In the

friction and air refristance which will affect the natural R.C(x)-xx forniat, the RC indicates a rotorcraft airfoil,
frequency. Fromi refernce 5 the effect of the damping (x) designates a sequential number, and the xx is the
can be de(termnined an a used to corrct the n asrd irelafe- thickness in percent of chord. The RC(3)-10 and the
to(ncy. t he damiped natural frequency, fd, is related RC(3)-08 airfoils are documented in reference 6. The
to the umlanped natural frequency, fA, b~y the relation: lRC(4)- 10 is documented in reference 7.

fi The rectangular blade (RECT) has been used in
1,t =  (6) several investigations in the 14- by 22-foot Subsonic

-" '(Tunmnei (reference 8 as an example). The blade airfoil
is the NACA 0012 with -8 degrees of linear twist from

'efie ieaua logaritiiimic cremn,, of te rste is any center of rotation to blade tip. The radius of this rotor
defined ass the natural logarithm of the ratio of any is 2.823 ft. 'Flne thrust weighted solidity is 0.0981.
two consecutive amnlitudes, lrom reference 5, the Tle AIIlP blade isa2l%scaleof theArmy OH-58D
Iogaritbniic decreient is related to the damping factor helicopter prototype (reference 9). AIIIP stands for the
by: Army Helicopter Improvement Program, which resulted

r -r (7) in the OII-58D model helicopter prototype. The blade
- has a radius of 3.675 ft, -16 degrees of twist, and a

Therefore, by substituting and solving for (2, we trust-weighted solidity of 0.0580. The taper ratio is
haw;: 1.75/1. 'he airfoil for the rectangular section was a

(X 2 high performance rotor airfoil, similar to those used in
2 (8) the XTR50 and XTR75 blades.

47r2 + (I,, 4' "  A larger tapered rotor blade, the TR3, was also

tested. This blade was tested for comparison with

Equation (8) can be substituted into equation (6) the AIIIP blade (reference 9). The TR3 has a radius
to find the natural frequency, and then I-lie flapping of 3.333 ft, -16 degrees of linear twist, and a thrust-
inertia ca Ie found by using eaLion (5). A gflppral weighted solidity of 0.0825. The NACA 0012 airfoil
discussion of natural frequency, damping constant, anl was used for this blade. The blade has a 3/1 taper
dogritmicsso of re qutisgieny, dapin g oe 5. ratio with taper starting at 80% of the basic radius.
logarithmic dlecrement is given in reference 5. This blade was tested with a blade cuff extension so its

Model an.i Apparatus radius would be equal to the AIIIP blade.
All five blades used are of composite construction

The model rotor bl,ades which art; dscribed here utilizing graphite prepreg cloth, polyurethane foam
have lwc used ili s.everal investigatiomis (references 3 cores, fiberglass and epoxy external skins, and tung-
5). Although the geonmtry of tlm blades has been sten leading-edge balance weights. In the fabrication
ducmimintd, tn: Ilapping cspomnms of th.. bladc. has process, a graphite laminar spar is fabricated over a
,iol. beenI previously dot umnenld. A lhotograph of the foam core and then cured in a mold. The trail- -edge
rotor blades useul is bhowii in figure I. Four of the five core is then fabricated from low-density, self-skinning
IHades have a tapered planforin, and the fiftl, blade is a polyurethane foam and then bonded to the spar The
haseline rectanguflar-planforni rot.or. entire assemble is wrapped with fiberglass cloth and

Two of the.se ,lades were desigiicd to investigate the epoxy resin, placed in the mold, and cured under con-
elfctt of the location of the iiiiatim of taper on rotor trolled conditions af temperature and pressre.
performia,,ce. These tw , bhmles ar similar in design Since the rotor hub system used for testing of all

mthi the prini,try dilffer,.cc being It. radial location of of these blades is fully articulated with coincident flap
tIme initiation of taper. These two bluhb: arc described and lag hinges, inertia in the chord-wise and flap-
in reference 3. The initiation of the tap r starts at 50 wise directions are equivalent. By including all of
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the( uffucti'.e flapping hardware (blade, hub grip, and consecutive peaks was measured t.- find the period of
muttintmtg blts), tlt. true flappinig iiitrtia of tl,,. blade thc oscillation. Then, the damped ;equcncy was found

(-ani be correctly ineasurCel. from an averag.- -,f the reciprocal oi oach of thle periods
'[li blade- cuff tbs(.-naily is shiowni in lEgure 2. T'he throughout thle oscillation. The voltz.;e of Lte first two

uil ,u-semtubly used lit this invuitigation is the sanie onC peaks was used to determine the logar 1.hmic decrement
lit the ba..iu rotor ill) that was uscd li tile 2MirrS. and the damping constant of the systtm as described
'ie cuff ~t.,iit~ s constructed Aliust. entirely of 17- previously. This entire process was repL~ted five times
41 PHl stainless steel. PThe L~ades were mtounted in Lte for each rotor blade.
blade cuffs by two close-tolerance bolts. This assembly
is describ~ed in reference 1. Results and Discussion

This investigation was condlucted usin ii appara-Asumrofteeui orhsinsigin
t.its that allowed a rotor blade to hamig front a pivot rodl A lsummin ay .A tn of the resutt for tvtiatio

andswig feel. Te rtorhubcui gisteroVao- from peak to peak, periods, and damped and natural
blade and swings with the rotor blade. A Lina ai frqecefoechbdtleldeufasmlyad
thi(' ciff e~ bladuesre ( The disidan tento toe Lte blade cuff with root extender are given in Tables

Lhe uffor te bade o masue (,ie iispaceientor e li--ViI. The plots of time history and frequency content
blade. T[le I)'l' sent a signal throijgh ani INDT1 sig- froin the signal analyzer are located in figures 4-10. The
ital conditioner to a signal antalyzser. 'Pi'l sigital analyzer exrintluctatywchssoninTbeIs
plotted Lte dlisplacemrentt as a funtction of hI)'I volts esc~rible na uppnetint whcAsson.nTbeIi
vs. Little. '[le sigii;.l analyzer also plottecd volts vs. fre- lIn figures 41-10 two plots per figure are shown as
quieinc. A sket-ch of the testing appatatus is p~resented dlisplayedl onl the signal analyzer. In these figures, the
iii figure 31. tipper p~lot is thle displacement (in LVDT volts) vs.

'rest and Procedures tune. lIn the lower plot the displacement is plotted
The laping neria o roor lade cal bedeter- vs. frequency. The coordinates of the first plot, volts

Thied y"sing" iterting ofirtor blades cTht bae andr vs. time, show thle p~osition of the first peak. The

uin edby swing" stugb aal ting thIbads. e bladean coordinates of the second plot, volts vs. frequency, are
cuffassmbl wee sungby tianall puhitg te bade the coordinates of. the approximate natural frequency

back and letting it go. The assentlbly then acts as a lpen- of Lte system.
(hilitin.In the second plot there are times when there are a

'Tle test p~roceu'(ure contsisted1 of two p~arts: dleter- lot of extraneous lines towards the end of the plot, as in
miining Lte miass, aid radial (di,',titnce front thle effective figure 7, test 1. These, lines result from noise that the
flappinig axis to Lte center of gravit~y of the( blade ando signal analyzer picked uip from the system. There were
cuff assemibly; and deteriminiing (,te natural frequency also times when ito "peak" could be seen in the second

Th'le mass amd locationi of the c~enter of mass were pilot, as in figure 10, test 3. Although there was still a
Fou n d usinig an elect ron ic bal ance. 'Th e radial length to peak present, it was too low for Lte vertical scale.
the centter of mass was found by mnultiplying Lte leutgtIA
of Lte b~lade as mteasured front the axis of thc flapping Concluding Remarks
hinige ratio of the weight inteasotred at thle tip endl of
Lte assembly to the total weight. of Ltec assembly. rhte.,c This investigation gives important information on
weights were founid by pilacinig each ud ott a kiiife edge, the blade flapping inertia of several experimental model
andl alterntately setting each kntife edge oit the electronic rotor blades. Tlhis inertia affects the the tendency of
balance. the blades to "~cone"~ up when producing thrust. The

'Thle procedure for fintdiitg tit(-itatuiral frequency inertia is also important when determining the rotary
coinsisted of swiitgintg Lte bladeaitd bladle cuff aLssemnbly. ittertia of the entire rotor system, which contributes to
Ali IYI' measured the (hislplaceinteutt. of thte blade and the characteristics of the rotor during entry into and
ciffass(*ntby ati tLtei seit, tile signtals throtigh at signal final flare of anl autorotation.
Conoditionecr to a signal atnalyzer. his p~rocedulre was The results of this investigation provide essential
repeatedl teit tinies, with the LVlDl signal reset to zero dlata for olynamnic antalysis of blade response for the rotor
each time. After tetn tests, the sigital attalyzer ott.1itit systems tested. As expected, rotor blade.- of similar
the average resuilts iii two plots,: volts vs. tinte, atnd area aiid mss which have a chordwise taper show a
volts vs. frequency. Thle prinici pal frequtency givent by significant redutction in flapping inertia.
the( antalyser was checked by using a mtattual met-hod of NS ~nlyIeethCne
frequecy leteritinatiout. IlNAiiglcy, VA eac Center22

A inutal ittettod of deteriing the freqientcy hAugutoi, VA1991 -22
from Lte time history was used. 'Thte timie between Atgst1,11
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Appendix A - Uncertainty Analysis Thle uincertainty in the mass, Sm,]s 0.5 grams or 0.000101

The exp~erimienital accukracy for this ivestigationi is af- pounds. The uncertainty in the measurement of the radial
fe(-tccf by several factors. r[iie eirect of the~se factors oi ac lenkgth, Sr, is 0.01 inches. The uncertainty of the natural

(.lrM~ o tie rstltswil b esimaednsiig llmwetahty freqncincy, Sin, is found from the standard deviation of
al.l(y o h eutswl eetsiac sn a netit Lte five (lifferent trials for each blade and thle blade cuff

a iialyis.asselnibly.

TheLVD lied ll hisillestgalollis lotinae t ''ll(- resuilting uncertainty ranged from 0.2% for therR'13

'l'htie rVadial ud ivnitis itivistmgadeinoIs not me toa ladue to 2.9% for Lte bare cuff. The specific uHcertaintieb

(lisplacenietit. ",'hs (leviatioll is (:oiisistcii. with thle small are tabulated in Table I with the experi-mental results.

angle assnunJtions of Lte suipfortiiig "swig" test theory.
'rte core of the INDTI wvas attac~hed to Lte cuf f and blade,

amid therefore thle pinl movedI in Lte sammue radial mannier as
diid I,,(ic citff and blade. Becauise of the circular miotioni of
Lte pill, Lte pill did niot slid e inl and out of Lte core like
it was suip 1 osed to. rthe pin, ruibbed against the inside of
Ilhe core, and this caiised friction. TH'h s frictioni dl ped tile
OSCillationIS signlificanldy. Whl!en Xallini i mg a, blade Swinuginmg
on (t(e rod withoat Lte IVDTl attached, it call be seen
that tile blade will swing almost twice as long as when
tile LVI)'l was attaLched. 'letechiquIie nsedl to correct
I lie inasturcel frequtency by Lte experinuetal damuping factor
should compensate for this effect.

Aniother possible error associated with this inivestigation
is that each trial was not always exactly "zeroed". In
other wordls, the end dlisplacemienit of Lte blade was not
always at zero. Thhec end displacemnt voltage ranged] from
approximately ± 0.1 Volts. This woild not cauise ali error iii
Lte dlampled frequiency, buit it would cau-se andl error in the
dampi g conistant, awnl therefore in Lte ntatural frequtenicy.
llecaimse Lte zeroig error was oily as great as 0.1 Volts on
a I0 Volt scale, the error caused by zeroinig wouild be very
(.lose to nlegligible most of Lte tillie.

A (lescriutioml of thlis uuucertaimity analysis can be fouind
inl referei-ce 10. For a giveni functiomi

r f(2,Y, Z) (Al)

thme inicertainty ili r is:

lOr. Or o
S T (Sx) + S + (T-Sz)2  (2

where x, y, and z are variables of r.
Pot this inivestigation Lte imicertaiiity inl Lte flapping

hierti a is:

= 2+ (2199.r"2 )+ (j_10SJ2. (M3)

where:
0108 __ gr (M4)

4 2f, .

afes _ g (A 5
or 4x~2f,,2  AS

anid
01I9 - -2myr (G
OfA 4,2f,11'6
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TABLE3 1. Final Results

Mass Radius Natural Flapping Percent
Blade to C Frequency Inertia Uncert.

(Ib) (in) (ilz) (lb-in 2) (%)

XTR50 2.030 5.160 0.89842 126.924±0.410 0.3 %

XTR75 1.969 5.320 0.86002 138.514±1.474 1.1 %

RECT 2.022 6.253 0.76085 213.613±1.173 0.5 %

AIIIP 1.914 6.261 0.69257 244.350±0.641 0.3 %

TR3 2.370 8.283 0.67985 415.387±0.730 0.2 %

Bare Cuff 1.428 1.968 2.00283 6.825±0.201 2.9 %

Cuff w/ext. 1.691 2.541 1.60703 16.273±0.181 1.1 %

TA3L, 11. Data for XTR50 blade, 'rest I

Time Period Damped
[)ea k Frequency

(sec) (see) (liz)

1 0.31250
2 1.40625 1.09375 0.91429
3 2.52344 1.11719 0.89510
4 3.63281 1.10937 0.90141
5 4.76563 1.13282 0.88275
6 5.89063 1.12500 0.88889
7 7.00000 1.10937 0.90141
8 8.08594 1.08594 0.92086
9 9.2031:3 1.11719 0.89510

Average )amped Frcquency = 0.89998 l1z

Xi =,1.436 Volts

X 2 = 1.052 Volts

(2 = 0.000207

Natural lFrequccy = 0.90035 lIz



TABLE,' 11. D~ata for XTR50 blade (continued), Test 2

TPime Pecriod Damped
Peak Frequency

(sec) (sec) (Hiz)

1 0.27344
'2 1.39063 1.11719 0.895-10

32.54688 1.15625 0.86486
4 3.64063 1.09375 0.91429
5 1.75781 1.11718 0.89511
6 5.88281 1.12500 0.88889
7 6.99219 1.10938 0.90140
8 8.10156 1.10937 0.90141
9 9. 18750 1.08594 0.92086

Average D)ampedl Frequency =0.89774 lz

XI= 4.492 Volts

X2= 4.103 Volts

(2 0.000207

Natural Frequency =0.89783 liz



''AIBI' 11. I)ata for XTR50 blade (continued), Test 3

Time Period Damped
Peak I requency

(c)[(sec) (liz')

1 0.26563
2 1.40625 1.14062 0.87671
3 2.52344 1.11719 0.89510

4 3.65625 1.13281 0.88276
5 4.76563 1.10938 0.90140

(i 5.88281 1.11718 0.89511
7 6.98438 1.10157 0.90780
8 8.09375 1.10937 0.90141
9 9.17188 1.07813 0.92753

Average Damped Frequency 0.89848 IIz

XI = 4.385 Volts

X 2 = 4.021 Volts

(I = 0.000190

Natural Frequency = 0.89857 IIz
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TABLE 11. )ata for XTR50 blade (continued), Test 4

Time Period Damped
Peak Frcquency

(sec) (sec) (Iz,)

1 0.21825
2 1.40625 1.12500 0.88889
3 2.53906 1.13281 0.88276
4 3.65625 1.11719 0.89510

5 4.75781 1.10156 0.90780
6 5.89063 1.13282 0.88275
7 7.00000 1.10937 0.90141
8 8.10156 1.10156 0.90780
9 9.19531 1.09375 0.91429

Average Damped Frequency = 0.89760 Hz

XI = 4.578 Volts

X2 = 4.197 Volts

(2 = 0.000191

Natural Frequency 0.89769 Ifz



'IABiLR II. )ata for XTI50 blade (concluded), Test 5

'ime Period Damped
Peak Frequency

(sec) (sec) (liz)

1 0.28906
2 1.39844 1.10938 0.90141
3 2.52344 1.12500 0.88889
4 3.64844 1.12500 0.38889
5 4.76563 1.11719 0.89510
6 5.89063 1.12500 0.88889
7 7.00000 1.10937 0.90141
8 8.10938 1.10938 0.90140
9 9.20313 1.09375 0.91429

Average Damped Frequency = 0.89753 Iz

XI = 4.814 Volts

X2 = 4.367 Volts

C' = 0.000241

Natural Frequency = 0.89764 iz

I 0



'TABL 111. Data for XTR75 blade, Test 1

Time Period Damped
Pea k Frequency

(see) (see) (l1z)

1 0.28906
2 1.41406 1.12500 0.88889
3 2.57031 1.15625 0.86486
4 3.77344 1.20313 0.83116
5 4.90625 1.13281 0.88276
6 6.10938 1.20313 0.83116

Average Damped Frequency = 0.85977 Ilz

X, = 3.386 Volts

X2 = 2.620 Volts

- 0.00161

Naftural Fre(tuency = 0.86049 lIz

TABILE 111. Data for XTI75 blade (continued), Test 2

Time Period Damped
lPCak Frcquency

(see) (sec) (IIz)

1 0.28906
2 1.44631 1.15625 0.86487
3 2.62500 1.17967 0.84768

4 3.76563 1.14063 0.87671
5 4.92969 1.16406 0.85906
6 6.07813 1.14844 0.87075

Average Damped Frequency = 0.86381 Hz

X = 3.389 Volts

X2 = 2.632 Volts

- 0.00162

Natural Frequency = 0.86451 Hz

11



'IAILIEI' Ill. Data for XTI75 blade (continued), 'rest 3

Time Period Damped

P'eak Frequency
(soec) (see) (lIz)

1 0.25000
2 1.41406 1.16406 0.85906
3 2.59375 1.17969 0.84768
4 3.75000 1.15625 0.86486
5 4.91406 1.16406 0.85906
6 6.10938 1.19532 0.83660

Average Damped Frequency = 0.85345 Hz

X= = 3.469 Volts

X2 = 2.629 Volts

- 0.00194

Natural Frequency = 0.85428 Iz

'IABIF Il. Data for XTI75 blade (continued), Test 4

Time Period Damped
Peak Frequency

(sec) (sec) (H1z)

1 0.25781
2 1.42188 1.16407 0.85906
3 2.60156 1.17968 0.84769
4 3.73438 1.13282 0.88275
5 4.92188 1.18750 0.84211

6 6.10156 1.17968 0.84768

Average l)amped Frequency 0.85586 lz

X1 = 4.243 Volts

X 2 = 3.203 Volts

2 = 0.00200

Natural Frequency = 0.85671 Iz

12



TALEl' 1ll. Data for XTR75 blade (concluded), Tcst 5

Tlime Period Damped
Peak F requency

(sec) (sec) (FW)

1 0.25781
2 1.42969 1.17188 0.85333
3 2.60938 1.17969 0.84768
4 3.72656 1.11718 0.89511
5 4.92188 1.19532 0.83659
6 6.05468 1.13281 0.88276

Average Damped Frequency = 0.86310 lz

XI = 4.170 Volts

X2= 3.069 Volts

(2 0.00237

Natural Frequency =0.86413 lz
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TABIIE IV. Data for RECT blade, Test 1

Time Period Damped
Peak Frequency

(scc) (sec) (ilz)

1 0.31250
2 1.61719 1.30469 0.76646
3 2.93750 1.32031 0.75740
4 4.23438 1.29668 0.77108
5 5.55469 1.32031 0.75740
6 6.86719 1.31250 0.76190
7 8.18750 1.32031 0.75740
8 9.50781 1.32031 0.75740
9 10.83594 1.32813 0.75249

Averiage Damped Frequency = 0.89753 lIz

Average Damped Frequency = 0.86310 Hz

X 1 = 4.814 Volts

X2 = 4.367 Volts

(' = 0.000241

Natural Frequency = 0.89764 lIz
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TABLE, IV. I)a a for RECT bladc (continued), 'Test 2

'Pinme Period Damped
Peak Frequency

(sec) (sec) (Hz)

1 0.32031
2 1.61719 1.29688 0.77108
3 2.92969 1.31250 0.76190
4 4.24219 1.31250 0.76190
5 5.55469 1.31250 0.76190
6 6.86719 1.31250 0.76190
7 8.17969 1.31250 0.76190
8 9.50000 1.32031 0.75740
9 10.79688 1.29688 0.77108

Average I)amped Frequency = 0.76363 Ilz

X1 = 4.289 Volts

X 2 = 3.877 Volts

- 0.000685

Natural Frequency = 0.76389 Hz
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TAI3,E IV. Data for RECiI blade (coniued), Test 3

I'Fine Period Damped
Peak Frequency

I(sec) (sec) (liz)

1 0.75781
2 2.07813 1.32032 0.75739
3 3.38281 1.30468 0.76647
4 4.69531 1.31250 0.76190

5 6.00781 1.31250 0.76190
6 7.32813 1.32032 0.75739

7 8.64844 1.32031 0.75740
8 9.95313 1.30469 0.76647

9 11.28125 1.32812 0.75294

Avrage )amped Frequency = 0.76023 IlIz

XI = 4.729 Volts

X 2 = 3.979 Volts

-2 = 0.000755

Natural Frequency = 0.76052 liz
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TAMAII, IV. Data for REC'I' blade (continued), Test 4

Time Period Damped

P'ea k Frequency
(se) (see) (IN

1 0.58594
2 1.89063 1.30469 0.76646
3 3.21094 1.32031 0.75740
4 4.51563 1.30469 0.76646
5 5.82813 1.31250 0.76190
6 7.14063 1.31250 0.76190
7 8.45313 1.31250 0.76190
8 9.78125 1.32812 0.75294
9 11.10156 1.32031 0.75740

Average Darped Frequency = 0.76080 IlIz

Xt = 4.768 Volts

X2 = 4.045 V'oits

= 0.0006f'5

Natural Frequency= 0.76106 IlIz
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TlALE IV. Data for REC: blade (concluded), 'est 5

Time Period Damped
Peak Frequency

lei (sce:) I (sc' , (liz,)
S"Sc I I Z

1 1.09375
2 2.44531 0.73989
3 3.75781 1 0.76190
4 5.07031 1.3i. .(1 0.76190
5 6.38281 i.3'2 fb 0.76190

6 7.69531 1;.i 2 0.'6!90
7 9.0156, 1.321*32 0. 7739
8 10.33594 1.32031 0.75740
9 11.64844 1.31250 0.76190

________I ________

Awcrage )amped Frequency = 0.75803 lIz

X1 = 4.753 Volts

X2 = 4.019 Volts

( = 0.000712

Nalm,,J Frequency = 0.75830 Hz
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'I'ALSIl V. Data for AI1I1 blade, Test 1

T inic Period Damped

Peak Frequency
(scc) (Sec) (lz)

1 0.35156
2 1.77344 1.42188 0.70330
3 3.23438 1.46094 0.68449
4 ,1.67188 1.43750 0.69565
5 6 10938 1.43750 0.69565
6 7.58594 1.47656 0.67725
7 9.01563 1.42969 0.69945
8 16.441531 1.42968 0.69946
9 11.89844 1.45313 0.68817
10 13.31375 1.44531 0.69189
11 14.79688 1.45313 0.68817
12 16.23438 1.43750 0.69565

Avcragc Dampcd Frcquency = 0.69265 Hz

XI = 4.316 Volts

X2 = 3.953 Volts

(2 = 0.000195

Natural Frequency= 0.69292 lIz
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'T'ABI,, V. Data for AIIIP blade (continued), Test 2

Tirme Period Damped

Pea k Frequency
(sec) (Sec) (liz)

1 0.34375
2 1.76563 1.42188 0.70330
3 3.25000 I. ,437 0.67369
4 4.64844 1.39844 0.71508
5 6.10938 1.46094 0.68449
6 7.55469 1.44531 0.69189
7 9.00000 1.4453, 0.69189
8 10.45313 1.45313 0.68817
9 11.89063 1.43750 0.69565
10 13.328'3 1.43750 0.69565
11 1,4.78125 1.15312 0.68817
12 16.2187v 1.43750 0.69565

Average Damped Frequency 0.69306 lIz

XI = 4.128 Volts

X2 = 3.713 Volts

- 0.000281

Natural Frcquency = 0.69316 IL,

~2O



'I'A3LI, V. Data for AIIIP blade (continued), 'rest 3

Time Period l)amped
lPeak Frequency

(sc) (scc) (i17')

1 0.32813
2 1.78125 1.45313 0.68817
3 3.23438 1.45313 0.68817
4 4.68750 1.45312 0.68817
5 6.12500 1.43750 0.69565
6 7.58031 1.44531 0.69189
7 8.99219 1.42188 0.70329
8 10.44531 1.45312 0.68817
9 11.89063 1.44532 0.69189
10 13.33594 1.44531 0.69189
11 14.78125 1.44531 0.69189
12 16.24219 1.46094 0.68449

Average Damped Frequency= 0.69125 lIz

XI = 4.753 Volts

X2 = 4.231 Volts
(2 = 0.000343

Natural Frequency = 0.69137 Iz
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TA 131, , V. Data for AHIP blade (continued), Test 4

Time Period Damped
Pea k Frequency

1 0.33594
2 1.78906 1.45312 0.68817
3 3.25000 1.46094 0.68449
4 4.67188 1.42188 0.70329
5 6.10938 1.43750 0.69565
6 7.56250 1.45312 0.68817
7 9.00000 1.43750 0.69565
8 10.44531 1.44531 0.69189
9 11.89844 1.45313 0.68817
10 13.33594 1.43750 0.69565
!1 14.78125 1.44531 0.69189
12 16.21875 1.43750 0.69565

A verage Dampcd Frequency= 0.69261 Hz

XI = 4.048 Volts

X 2 = 3.665 Volts

C' = 0.000250

Natural Frequency = 0.69270 IIz
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TA 131,l., V. l)ata for AIIP blade (concluded), Test 5

Time Period Damped
Peak Frequency

(Sec) (scc) (liz)

1 0.36719
2 1.79688 1.42969 0.69945
3 3.25781 1.46093 0.68450
4 4.68750 1.42969 0.69945
5 6.13281 1.44531 0.69189
6 7.56250 1.42969 0.69945
7 9.01563 1.45313 0.68817
8 10.46094 1.44531 0.69189
9 11.90625 1.44531 0.69189
10 13.35156 1.44531 0.69189
11 14.78125 1.42969 0.69945
12 16.25000 1.46875 0.68085

Average Damped Frequency = 0.69263 Hz

XI = 4.355 Volts

X 2 = 3.960 Volts

= 0.000229

Natural Frequency = 0.69271 lIz
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'J'ABI, VI. Data for TR3 blade, Test 1

Time lcriod )amped
PeaIk Frequency

(sec) (sec) (Hz)

1 0.34375
2 1.82813 1.48,138 0.67368
3 3.28906 1.46093 0.68449
4 4.77344 1.48438 0.67368
5 6.25000 1.47656 0.67725
6 7.71875 1.46875 0.68085
7 9.18750 1.46875 0.68085
8 10.66406 1.47656 0.67725
9 12.14063 1.47657 0.67724
10 13.60156 1.46093 0.68449
11 15.07031 1.46875 0.68085
12 16.53906 1.46875 0.68085
13 17.99219 1.45313 0.68817

Average Damped Frequency = 0.67997 lz

XI = 4.951 Volts

X2 = 4.539 Volts

-2 = 0.00019)1

Natural Frequency= 0.68004 Iz
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'1'A13i, VI. Data for TR3 blade (continued), 'rest 2

Time Period Damped
Peak Frequency

(set;) (sc:) (IIz)

i 0.34375
2 1.82031 1.47656 0.67725
3 3.30469" 1.48438 0.67368
4 4.77344 1.46875 0.68085
5 6.24219 1.46875 0.68085
6 7.7(1875 1.47656 0.67725
7 9.18750 1.46875 0.68085
8 10.66406 1.47656 0.67725
9 12.13281 1.46875 0.68085
10 13.59375 1.46094 0.68449
I1 15.06250 1.46875 0.68085
12 16.53906 1.47656 0.67725
13 18.00781 1.46875 0.68085

Average )amped Frcquency = 0.67936 Hz

XI = 4.626 Volts

X2 = 4.246 Volts

(2 0.000186

Natural Frequency = 0.67942 Iz
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'I'AIIlE VI. I)ata, for 'IR3 blade (coiiti nued), Test 3

Tiic Period Damped
1Peak Frcquency

(sec) (sec) (Iz)

1 1.82813
2 3.29688 1.46875 0.68085
3 4.77344 1.47656 0.67725
41 6.25000 1 .47656 0.67725
5 7.71094 1.46094 0.68449
6 9.19531 1.48437 0.67369
7 10.65625 1.46094 0.68449
8 12.13281 1.47656 0.67725
9 13.60156 1.46875 0.68085
10 15.07031 1.46875 0.68085
II 16.54688 1.47657 0.67725
12 18.00781 1.46093 0.68449
13 19.47656 1.46875 0.68085

Average l)amped Frequency = 0.67996 Iz

X1 = 5.000 Volts

X2 = 4.558 Volts

(2 = 0.000217

Natural Frequency = 0.68003 lz
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''ABLE VI. Data for TR3 blade (continued), Test 4

Time Period Damped
Peak Frequency

(sec) (sec) (Iz)

I 0.35156
2 1.82031 1.46875 0.68085
3 3.29688 1.47657 0.67725
4 4.77344 1.47656 0.67725
5 6.25781 1.48437 0.67369
6 7.71875 1.46094 0.68449
7 9.18750 1.46875 0.68085
8 10.67188 1.48438 0.67368
9 12.13281 1.46093 0.68449
10 13.60938 1.47651 0.67725
11 15.07031 1.46093 0.68449
12 16.53906 1.46875 0.68085
13 18.01563 1.47657 0.67724

Average 1)amped Frequency = 0.67937 Hz

X1 = 4.902 Volts

X2 = 4.502 Volts

(2 = 0.000184

Natural Frequency = 0.67943 Hlz
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'IAILI" VI. Data for TR3 blade (concluded), Test 5

Tilne Period Damped
Pea k Frequency

(see) (sec) (1hz)

I 0.35156
2 1.82031 1.46875 0.68085
3 3.29688 1.47657 0.67725
11 4.77344 1.47656 0.67725
5 6.24219 1.46875 0.68085
6 7.71094 1.46875 0.68085
7 9.18750 1.47656 0.67725
8 10.65625 1.46875 0.68085
9 12.12500 1.46875 0.68085
10 13.59375 1.46875 0.68085
1I 15.06250 1.46875 0.68085
12 16.53906 1.47656 0.67725
13 17.99219 1.45313 0.68817

Average l)amlped Frequency = 0.68026 liz

XI = 4.624 Volts

X 2 = 4.209 Volts

(2 0.000224

Natural Frequency = 0.68034 Hz
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'IAIILIJE VII. Data for Bare Cuff, Test 1

Trimc Period Damped
lPcak Frequency

(sec) (sec) (Ilz)

1 0.10156
2 0.60938 0.50781 1.96923

XI = 2.346 Volts

X2 = 0.998 Volts

- 0.01826

Natural Frequency = 1.98746 liz

TABL , VII. Data for Bare Cuff (continued), Test 2

Time Period Damped
Peak Frequency

(sec) (sec) (11z)

1 0.10938
2 0.60156 0.49219 2.03175

XI = 3.015 Volts

X 2 = 1.377 Volts

(2 = 0.01532

Natural Frequency = 2.04749 Ilz
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TAlIE, VII. Data for Bare Cuff (continued), Test 3

''ime Period Damped
Peak Frequency

(sec) (sec) (liz)

I 0.10938
2 0.60938 0.50000 2.00000

X1 = 2.703 Volts

X2 = 1.196 Volts

(2 = 0.01656

Natural Frequency = 2.01677 IIz

I'A IIK VII. Data for Bare Cuff (continued), Test 4

Time Period Damped
Peak Frequency

(Sec) (sec) (Hz)

1 0.10938
2 0.61419 0.50781 1.96929

XI = 3.013 Volts

X2 = 1.489 Volts

(2 = 0.01243

Natural Frequency = 1.98158 lIz
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TABLIIIK VII. Data for Bare cufr (concluded), Test 5

Time Period Damped
leak Frequency

(see) (Sec) (liz)

1 0.10156

2 0.60938 0.50781 1.96923

X1 = 3.086 Volts

X2 = 1.558 Volts

(2 = 0.01169

Natural Frequency = 1.98085 Hz

TABL!, VIIi. Data for Cuff with Root Extender, Test 1

Time Period Damped
Peak Frequency

(sec) (sec)

1 0.13281
2 0.76563 0.63281 1.58025

3 1.39063 0.62501 1.60000
4 2.00781 0.61718 1.62027

Average Damped Frequency = 1.60017 IIz

XI = 4.634 Volts

X 2 =3.142 Volts

(2 = 0.00381

Natural Frequency = 1.60323 IIz
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TABLE, VIII. Data for Cuff with Root Extender (continued), Test 2

Time Period Damped
Peak Frequency

(sec) (Sec) (Iiz)

1 0.14063
2 0.76563 0.62500 1.60000
3 1.39063 0.62501 1.60000
1 2.00000 0.60937 1.64104

Average i)aimped Frequency = 1.61367 HIz

X1 = 4.360 Volts

X 2 = 2.793 Volts

( = 0.00500

Natural Frequency = 1.61772 IlIz

TABLE' VIII. 1)ata for Cuff with Root Extender (continued), Test 3

,rime Period Damped
Peak Frequency

(Sec) (sec) (i z)

1 0.14063
2 0.76563 0.62500 1.60000
3 1.39063 0.62501 1.60000
I 2.00781 -0.61718 1.62027

Average Damped Frequency = 1.60675 Iz

X1 = 4.517 Volts

X 2 = 2.671 Volts

(2 0.00694

Natural Frcqucncy = 1.61236 Iz
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TABLE VIII. )ata fc,i Cuff with Root Extender (continued), Test 4

Time Period Damped
Peak Frequency

(sec) (sec) (1Iz)

1 0.13281
2 0.76563 0.63281 1.58025
3 1.38281 0.61719 1.62026
4 2.00781 0.62500 1.60000

Average )ainped Frequency = 1.60017 lz

XI = 4.895 Volts

X2 = 3.886 Volts

(2 = 0.00702

Natural Frequency = 1.6'582 Ilz

TABL, VIII. i)ata, for Cuff with Root Exteiider (concluded), Test 5

Time Period Damped
Peak Frequency

(sec) (sec) (l1z)

1 0.13281
2 0.76563 0.63281 1.58025
3 1.39063 0.62501 1.60000
4 2.01563 0.62500 1.60000

Average )ampcd Frequency = 1.59341 Hz

X 1 = 4.668 Volts

X2 = 3.257 Volts

(2 = 0.00327

Natural Frequency = 1.59602 Hz
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Inboard spindle race

1Torrington B-1412 needle bearing

Adjustment shims- r hutrc

Cuff retainer--- i NT-1220 thrust bearing

Outboard thrust race

_j l /'I/ IBlade cuff

\\~-.NAS 1 305-' hich-strength bolt
\ %\"-Thrust washer

L-eal-herinc spindle \ _orrington IR-88 inner race
Torrincton B-128 needle bearing

Spindle spacer

Pigii-e 2. Sketch of Blade Cuff Assembly
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Flap Axis

Blade

Swing arc

I-'igtire 3. Apparatus''cs Setup Sketch
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